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To date, a lot of research has been done on flavorings in electronic nicotine delivery systems 
(ENDS), but not much has been done to investigate the presence of heavy metals. Like 
flavorings, heavy metals, such as lead, nickel, chromium, and cadmium, can have many serious 
health risks. The International Tobacco Control (ITC) Policy Evaluation Project 4-Country 
Survey aims to compare policies and ENDS products between the United States, England, 
Canada, and Australia. One topic that is important to this study is the presence of heavy metals in 
ENDS e-liquids. Another important topic of research in regard to heavy metals in ENDS 
products is the source of these metals, as it has been disputed between cultivated tobacco used to 
derive nicotine for e-liquids and the metal parts of ENDS devices themselves.  
Methods: 
To determine the sources of lead, nickel, chromium, and cadmium in ENDS products, a method 
was developed to analyze their e-liquids via electrothermal atomic absorption spectroscopy 
(ETAAS). The method was validated by testing ENDS products purchased in 2017 from each of 
the four countries of interest. Samples tested included e-liquid from a refill bottle (open-system) 
and e-liquid extracted from prefilled ENDS devices (closed-system). The only closed-system 
samples to be tested for the heavy metals of interest were from the United States and England as 
those from Canada and Australia were consumed prior to metals analysis. It was found that open-
system e-liquids do not show quantifiable levels of the metals of interest. Therefore, to study the 
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sources of metals in e-liquids, a closed-system product was deconstructed, and its parts were 
submerged in blank e-liquid. Samples were tested periodically for evidence of leaching via 
ETAAS.  
Results: 
It was found that open-system samples do not have quantifiable levels of any metal of interest 
but closed-system samples do as a result of leaching. From the United States and England 
closed-system samples, it was found that, on average, the United States had more nickel and 
chromium in their products, but England had more lead. It was also found that average levels of 
heavy metals can differ greatly depending on product brand and e-liquid flavor. From the 
deconstructed device, one metal part, the battery connector, was found to be a source of lead in 
e-liquid. However, sources for nickel, chromium, and cadmium were not able to be located in the 
product tested. Samples may have been too dilute to show quantifiable levels on the ETAAS 
instrument, and the product tested did not have a battery.  
Conclusions: 
The most important conclusion drawn from this study was that the source of metals in ENDS e-
liquids is the leaching of metal device parts, rather than the tobacco used to add nicotine to the 
liquids. This study also provided supporting evidence that heavy metal concentrations can differ 
based on what country the product was purchased in and what flavor the e-liquid is. It showed 
how the types of metals leached into samples can also differ depending on country of origin.  
Future Directions: 
Further investigation of products purchased in different countries will analyze products 
purchased in 2018 to provide year-to-year comparison within the data. It will also further 
investigate trends between product brands, the interaction of e-liquid flavor and ENDS parts, and 
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the possibility of these heavy metals remaining in aerosolized versions of e-liquids. Further 
research on the source of metals will conduct more replicates on the original product tested and 
also explore different types of products and brands. It will also pay closer attention to sampling 
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Chapter I. Introduction 
1.1 History and Motivation 
The use of tobacco for nicotine delivery is prominent in history over thousands of years. 
However, the conversion from traditional tobacco products to more modern, electronic based 
products did not become a legitimate idea until 1930 when Joseph Robinson filed a patent for an 
“electric vaporizer” [1], and again, decades later, in 1965, when another inventor by the name of 
Herbert Gilbert filed a patent for a “smokeless non-tobacco cigarette” [1], although his prospects 
ultimately met the same fate as those of Robinson [1]. Others tried for years following Robinson 
and Gilbert’s failures to introduce these new alternatives to traditional cigarettes, but their ideas 
did not catch hold of public interest until the success of Chinese pharmacist Hon Lik when he 
invented the modern electronic cigarette (e-cigarette) in 2004 [1].  
While e-cigarettes are marketed as alternatives to traditional cigarettes, or even as tools 
for smoking cessation, research has found that adults who start vaping do not stop smoking, 
instead becoming dual users [2]. Researchers believe dual use arises from vaping being seen as a 
more socially acceptable version of nicotine delivery, which fuels continued addiction instead of 
helping to reduce it [2]. In 2016, 54.6% of adult e-cigarette users also smoked traditional 
cigarettes [3]. E-cigarettes have also been known to host a variety of health risks themselves, 
including poisoning from improper ingestion of e-liquids, serious lung damage, and even death 
[4].  
While e-cigarettes seem to be thoroughly regulated between labeling requirements, youth 
use prevention, and research funding [5], not much regulation is placed on the actual 
manufacturing of the products. This lack of manufacturing has allowed a substantial list of toxic 
chemicals to make their way into e-cigarettes, their liquids, and their aerosols, including heavy 
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metals [3-4]. This is especially interesting considering there is already legislation in place to 
protect people from heavy metals in other settings. For example, while vapers are virtually 
unprotected from inhaling toxic heavy metals, workers in the welding industry and other similar 
industries, are required to wear various types of personal protective equipment (PPE) and are 
recommended to be in environments with proper ventilation to help reduce their risk of exposure 
[6]. 
This lack of regulation has led to serious consequences and will likely lead to more if no 
action is taken. By November of 2019, the Centers for Disease Control and Prevention (CDC) 
had been given reports regarding over 2000 illnesses related to vaping, including 39 deaths [3]. 
This, along with other research suggesting lung issues caused by vaping resemble those caused 
by toxic, poisonous gases, have led the CDC to recommend vapers to quit using e-cigarettes and 




1.2 E-liquids and Electronic Nicotine Delivery Systems (ENDS) 
Electronic nicotine delivery system (ENDS) is an umbrella term for products typically 
known as electronic cigarettes (e-cigarettes) or “vapes”. As ENDS technology has evolved, 
different generations (seen in Figure 1) have come onto the market. The first generation devices, 
those originally designed by Dr. Hon Lik, are usually referred to as cig-a-likes and are one time 
use disposables [7]. Second generation ENDS begin to look less like traditional cigarettes and 
come with pods prefilled with e-liquid, and third generation ENDS are the big bulky devices that 
can be refilled by consumers [7]. 
While ENDS come in many different forms, they can all be classified into two categories: 
open-system and closed-system. Open-system ENDS are refillable devices with their humectant 
containing liquids (e-liquid) originating from unopened stock bottles (e.g., mods, eGOs). Closed-
system ENDS devices come pre-filled with e-liquid (e.g., disposables and pod mods), allowing 
prolonged e-liquid contact with the ENDS device. Both open-system and closed-system ENDS 
also share the same general construction, consisting of a mouthpiece for the consumer to use to 
inhale vaporized e-liquid, cartridges or reservoirs to hold the e-liquid, a heating element 
(atomizer), and a power source (battery) [8]. Depending on the model, the battery may be 
permanently attached to the whole device, or removeable as a separate component from the 








Figure 1: Visual representation of the three generations of ENDS devices. Adapted from 
Farsalinos & Polosa 2014.
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E-liquids are the liquids atomized by ENDS for consumer inhalation. The basis of most 
e-liquids is a mixture of propylene glycol (PG) and vegetable glycerin (VG) with varying ratios 
depending on the manufacturer. Both PG and VG are part of the alcohol chemical group (Figure 
2) and produce the vapor that is inhaled by ENDS consumers when they are heated. PG is less 
viscous than VG and is the component of e-liquid that often carries any added flavor and 
provides “throat hit”, which is the sensation users get when smoking a traditional cigarette [9]. 
While PG is generally recognized as safe by the United States Food and Drug Administration 
(FDA), this is only for oral ingestion as research on the safety of inhalation is still very limited 
[9].VG is the more viscous component of e-liquids and gives users a thicker vapor. Like PG, it is 
generally recognized as safe for oral ingestion by the FDA. More recent studies have regarded 
VG as low risk for toxicity when inhaled and has been known as a useful alternative for those 
who may have allergies to PG [9]. Besides PG and VG, e-liquids commonly contain nicotine and 
various flavorings (Figure 2), including vanillin (vanilla), cinnamaldehyde (cinnamon), and 










Figure 2: Top row: Chemical structures of various flavorings used in e-liquids. Bottom row: 
Chemical structures of propylene glycol (PG) and vegetable glycerin (VG).  All structures drawn 
in ChemDraw Prime.   
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As more research related to ENDS becomes available, we are increasingly aware that 
nicotine, a tobacco-derived alkaloid and highly addictive chemical [10-11], as well as many of 
the flavoring compounds used in e-liquids (e.g., diacetyl, a flavoring compound linked to the 
lung disease bronchiolitis obliterans, which is commonly known as popcorn lung [10]) are 
actually toxicants and not necessarily safe for human use. Some e-liquids have also been known 
to contain acrolein (a weed killing herbicide) and diethylene glycol (an ingredient in antifreeze), 
both of which can cause severe lung damage [10]. While flavorings in ENDS e-liquids receive 
most of the publicity regarding potential harm from their respective devices, other toxicants, 
such as heavy metals, are known to be present in the emissions of these e-liquids [11]. Heavy 
metals are metallic chemical elements typically characterized by high densities and toxicities at 
low concentrations. Some of these metals previously found in e-liquids include lead (Pb), nickel 
(Ni), chromium (Cr), and cadmium (Cd) [11].  
According to the CDC, any mode of entry of lead into the body can result in potential 
health risks. However, more lead can be absorbed if it is inhaled [12], increasing the potential 
toxic effects. Lead bioaccumulation, or the steady build-up of substances in the body when they 
are absorbed faster than they are metabolized, can be cause for various health risks such as 
damage to the nervous, reproductive, and immune systems along with developmental delays, 
behavioral issues, and cancer [12-13]. These health risks can be especially prominent in 
adolescents as they are much more sensitive to lead than adults [13]. While the most common 
biological effect of nickel is an allergic reaction called contact dermatitis, inhalation can have 
adverse effects on the lungs such as chronic bronchitis and cancer [14-15].  
While trivalent chromium (Cr3+) is essential to humans, some research [16] has shown its 
potential to oxidize into hexavalent chromium (Cr6+), which is extremely toxic. Both acute and 
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chronic exposure to hexavalent chromium via inhalation can induce shortness of breath, 
coughing, and wheezing [17] and also increases the risk of developing cancer in the respiratory 
system [18-19]. Hexavalent chromium can also result in contact dermatitis, along with other 
risks associated with the eyes, kidneys, and liver [18]. Kidneys are also particularly susceptible 
to cadmium exposure, being subject to chronic kidney disease that can be catalyzed by other 
conditions such as diabetes and hypertension [20]. However, between acute and chronic 
exposure through inhalation, cadmium can also cause flu-like symptoms, damage to the bones 
and lungs, and possibly cancer [21].  
Identification of the source of toxic heavy metals in ENDS and their e-liquids is essential 
as it can highlight what changes in manufacturing are needed to improve consumer protections. 
Nicotine in e-liquids is commonly derived from cultivated tobacco [22]. Previous research 
suggests that the heavy metals seen in e-liquids may be from soil contaminated with metals or 
from fertilizers added to the crop [23]. While this avenue is certainly a possibility, further 
research into the sources of these metals has often shown that they originated from parts of 
ENDS devices themselves [24-26]. On the contrary, metals have not been typically detected in 
stock (open-system) e-liquids that have not been in contact with devices [22]. This leaching of 
metals not only raises human health concerns, but also concerns over the environmental impact 
of ENDS disposal. If leaching is significant enough from multiple ENDS being disposed 
improperly, it could also pose a toxic danger to wildlife and potentially infect soil.  
With the multitude of parts used in their construction, ENDS devices can display many 
possible sources for these heavy metals. Nickel and chromium can be traced back to the coils in 
the atomizers used to heat e-liquids in ENDS devices. These coils can be made of Nichrome or 
Kanthal wire, which are typically made of nickel and chromium, or just chromium, along with 
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other metals such as iron and aluminum [27]. Cadmium could have multiple sources, including a 
leaking battery [25] and possibly the solder used in construction of the device [28]. Lead, 
however, is more elusive, with its source currently unknown [24]. What is known at this time 
about lead is that it is a very soft metal that is commonly used in galvanizing materials (used to 
plate other metals with a protective coating of zinc) and in alloys such as brass [29]. It is also one 
of the most commonly used metals, being only second to iron [29], which makes it very likely to 
be present in the ENDS manufacturing process, some ENDS parts, or both.  
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1.3 The International Tobacco Control (ITC) Policy Evaluation Project  
The lack of data for open-system samples, and the multitude of data that shows heavy 
metals in closed-system samples where the e-liquid has interacted with devices [22, 24-27], 
suggests that the root of the issue may lie in the manufacturing of ENDS. Lack of regulation in 
the ENDS industry may allow manufacturers to construct their products with cheap parts that can 
leach harmful metals into the e-liquid that consumers then inhale. Another issue that can arise 
from a lack of regulation is inconsistency between countries of origin, as each would have their 
own separate laws and guidelines for the industry.  
The International Tobacco Control (ITC) Policy Evaluation Project works to investigate 
these different policies surrounding nicotine and tobacco products from many countries around 
the world. Currently, the ITC is conducting a survey in four countries on smoking and vaping. 
The countries of interest include the United States (US), Canada (CA), Australia (AU), and 
England (EN). As part of this project, different numbers of local and big brand ENDS products 
are purchased from each country once a year to see if changing policies have any effect on their 
production, including what may or may not end up in their e-liquids such as heavy metals. 
Understanding what legislation has already gone into effect in these four countries may also help 
explain any trends seen in data collected from these products.  
As of August 8, 2016, the US federal government prohibited the sale of ENDS to anyone 
under the age of 18 and on May 10, 2018 made it so any ENDS sold or advertised must be 
accompanied by a warning label [30]. The age requirement for purchase of ENDS was then 
raised on December 20, 2019 from 18 to 21 years of age [31]. In an attempt to curb the interest 
minors have in ENDS, the FDA made a statement on January 2, 2020 that manufacturers of 




Like their southern neighbor, Canada has made ENDS legal for only those above the age 
of 18 or 19, depending on the territory, regardless of the presence of nicotine in the product [33-
34]. These rules were made effective May 23, 2018 under the Tobacco and Vaping Products Act 
(TVPA) [35]. The TVPA also prohibits the sale of products that could appeal to minors and 
opens up the legislative playing field for the federal government to pass more laws regarding 
industry reporting, manufacturing standards, health warning labels, vaping promotion, and 
specific flavorings and ingredients [35].  
Australia has a very aggressive approach to smoking and vaping standards, especially 
when it comes to youth. One report from 2019 [36] highlights past success of aggressive 
regulation, stating how tobacco use in youth ages 12-15 has decreased drastically between 1996 
and 2017, going from 17% to 3%, respectively. Under Australian controlled substances 
schedules, nicotine is classified as a poison and it is currently illegal for use in ENDS [37]. The 
only way to get an ENDS device that contains nicotine for smoking cessation purposes in 
Australia is to have a prescription from a doctor that is registered with the Therapeutic Goods 
Administration (TGA) [38]. This is in contrast to many other countries who openly allow 
nicotine in ENDS to be used as a smoking cessation alternative without explicit approval from 
the government.  
While England does have certain restrictions placed on ENDS, such as maximum tank 
capacity and nicotine strength, the ban of certain colorings and caffeine, and warnings on labels 
[39], they are taking a much more relaxed approach to the devices compared to other countries. 
While the US, Canada, and Australia are taking measures to decrease ENDS use, England seems 
to do the opposite. Public Health England has stated that ENDS come with much less risk than 
traditional cigarettes and encourages patients who are trying to quit smoking to consider 
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switching to ENDS as a method for smoking cessation [40]. However good the intentions are, 
this approach to ENDS can be dangerous as there may be an increase in alternative health issues 
and an increased risk of youth smoking and vaping.  
Currently, there are not many laws that specifically pertain to the manufacture of the 
metal parts in ENDS, as metals and ENDS are usually regulated separately. Laws about metal 
containing products most often regulate items such as jewelry and children’s products [41-42], 
while laws for ENDS mainly focus on warning labels and e-liquid contents, among other things 
[43-46]. While the electronics industry seems to have a slew of metals regulations in place [47], 
these rules mainly pertain to the manufacturing process rather than the products being produced, 
so more research on the heavy metals found in ENDS needs to be done to inform law makers on 





 The overall goal of the ITC project, and this thesis project, is to collect data regarding 
heavy metals in ENDS that can ultimately be used to inform policy makers of their presence and 
danger. From this information, policy makers can then take action to enact regulations that can 
protect the public from the potential harm of heavy metals exposure that is associated with 
ENDS usage. To achieve this goal, there are some things that should be done in order to 
accomplish it. The first is to determine whether metals seen in ENDS are coming from the 
tobacco plant used to derive nicotine for the e-liquid, or if they are being leached from the parts 
of the device itself. This can be done by analyzing the various products purchased as part of the 
ITC project, which leads into the second way the goal of this project can be accomplished. The 
ITC products can be analyzed and any trends in the metal concentrations, such as comparing 
concentrations between countries of origin, can be noted.  
Finally, once enough data has been collected, further investigation into where metals are 
leaching from, if they are at all, can be conducted. Each part of the ultimate goal must also be 
preceded by the development of a rapid method to analyze the concentrations of multiple heavy 
metals in ENDS and their e-liquids. One technique that has already been used to analyze lead in 
e-liquids [22] is electrothermal atomic absorption spectroscopy (ETAAS). ETAAS can provide a 
simple method to determine the sources of lead, nickel, chromium, and cadmium in specific 
ENDS products and allow their concentrations to be analyzed in a wide range of e-liquid 
samples. Through various sampling techniques, the differences in metal concentrations can be 
compared between countries of origin and between open-system and closed-system samples. 
How the amount of time an e-liquid spends in contact with ENDS device components affects 
their detected metal levels can also be evaluated.  
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1.5 Atomic Absorption Spectroscopy: History, Theory, and Instrumentation  
 Atomic absorption spectroscopy (AAS) is a relatively new technique in the field of 
analytical chemistry, being first discovered in the 1950s by Australian physicist Sir Alan Walsh 
[48]. Before Walsh’s revelation of analyzing metallic elements via their light absorption 
capabilities, they were analyzed based on the light emitted by excited atoms when the elements 
were vaporized [48]. Once Walsh thought of this new approach to metals analysis, he quickly 
tested it and subsequently developed methods that gave early success. His advances in the 
technology even contributed to saving lives, including that of a young boy experiencing severe 
side effects from loss of magnesium [48]. The use of AAS to determine the critically low levels 
of magnesium in the boy’s body indicated to doctors a course of action that allowed him to make 
a full recovery.  
 AAS is based on the theory that when energy is applied to a stable, ground state atom, a 
valence electron is promoted to a higher energy orbital, which causes the atom to enter an 
excited state [49]. Since the excited state is unstable as it is not the lowest energy configuration 
for the atom, the atom will then spontaneously release this energy and return to the ground state. 
The energy is released in the form of light that has a wavelength characteristic to the element 
whose atom was excited. This phenomena can be seen in Figure 3 and is the basis for how the 
lamp sources in AAS emit specific wavelengths of light that can be absorbed by the atomized 
metal samples.  In AAS, a resonant wavelength of light, or photon energy that matches the 
energy required for the electronic transition, is sent through a cloud of atomized ground state 
metal atoms [49], and then the absorbance of this cloud is correlated to the concentration of 











Figure 3: Diagram representing the excitation and subsequent decay of an atom, which in turn produces light energy. Adapted from 
Beaty & Kerber 1993.
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The concentration of these metals is mathematically determined by measuring the 
intensity of the light incident on the sample from the source (IO) and comparing it to the intensity 
of light measured by the detector after the light has passed through the sample cloud (I) [49]. The 
relationship between IO and I, which is known as transmittance (T), can be seen in Eq. 1. 
 
T = I/IO              (Eq. 1) 
 
The relationship seen in Eq. 1 represents how much light was allowed to pass through the 
sample and is usually expressed as percent transmittance [49], seen in Eq. 2. 
 
%T = 100 × I/IO           (Eq. 2) 
 
While Eqs. 1 and 2 determine how much light is transmitted through a sample, AAS is 
used to measure how much is being absorbed. Percent absorption is defined as the amount of 
incident light intensity absorbed by an atomized sample [49] and is correlated to percent 
transmittance as in Eq. 3. 
 
%A = 100 - %T           (Eq. 3) 
 
However, the absorbance reading determined in AAS is represented by an alternative, 
mathematical representation of the relationship between IO and I [49] (Eq. 4) 
 
A = log(IO/I)            (Eq. 4) 
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To summarize, the process of analyzing samples via AAS is fairly simple, with a light 
source that emits a single beam of light energy to the sample that has been atomized [49]. The 
absorption of the sample is then collected by the detector and sent to computer software as 
viewable output (Figure 4a). The source in AAS is one of two types of lamps, being either a 
hollow cathode lamp (HCL) or an electrodeless discharge lamp (EDL), seen in Figures 4b and 
4c, respectively. HCLs are the most common source used in AAS. Their general construction 
includes a cathode made of the metal of interest, an anode, and an inert gas, typically argon, all 
contained within a glass cylinder [49]. When electricity is applied to the anode and cathode, the 
inert gas within the lamp becomes ionized. This ionized gas is accelerated towards the cathode 
and sputters metal atoms. The metal atoms excited by this collision then emit their characteristic 
wavelength of light [49-50].  
EDLs are the less commonly used source as they are typically only needed for more 
volatile elements [49]. In this type of lamp, the element of interest is kept inside a quartz bulb 
attached to a radio frequency generator. When this generator is turned on, a radio frequency field 
is created that excites the atoms inside the quartz bulb, which then emit their characteristic 
wavelength [49]. Only one lamp can be used at a time in AAS, which in turn means that only one 
element can be analyzed at a time. This is a major disadvantage of AAS analysis of metals, as the 
inability to examine multiple metals simultaneously can greatly increase the amount of time 
taken to complete experiments, and often requires larger sample volumes to be available in order 





Figure 4: A basic schematic of an atomic absorption spectrometer (A), a hollow cathode lamp 
(HCL) (B), an electrodeless discharge lamp (EDL) (C), a flame atomizer (D), a graphite furnace 
(E), and an inductively coupled plasma (ICP) torch (F). All adapted from Beaty & Kerber 1993.    
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 Analytes can be atomized for analysis a couple different ways. These methods include 
atomization via flame, furnace, or inductively-coupled plasma (used in atomic emission), with 
their apparatuses being seen in Figures 4d, 4e, and 4f, respectively. In flame atomization, a 
sample solution is sprayed through a nebulizer to create a fine mist. This mist is then mixed with 
oxidant gases and atomized through combustion in a flame, after which the sample will be in the 
proper form for analysis [49]. For a sample to be atomized using a graphite furnace, it is directly 
injected into the furnace through a small hole in the top. The graphite furnace then goes through 
a temperature program to slowly heat the sample, destroy the matrix, and atomize the sample 
[49]. The use of this temperature program instead of quickly heating to an atomization 
temperature helps to reduce spectral interference from the matrix in which the analyte is 
suspended in. The graphite furnace also utilizes inert argon gas to remain stable and prevent the 
graphite itself from being atomized.  
Another aspect of the graphite furnace that helps to reduce non-spectral interference is 
the L’vov platform. This is a small platform in the bottom of the furnace that has a depression in 
it for the sample to sit in while it is being heated. The platform is made of pyrolytic graphite, 
which is capable of resisting degradation via high acid concentrations and prevents the sample 
from soaking into the surface [49]. The L’vov platform is capable of heating the sample slowly 
while simultaneously allowing the walls of the graphite tube to come up to the proper 
atomization temperature [49]. This prevents the non-spectral interference that can occur when a 
sample is injected directly onto the lower tube wall. This causes atomization to happen 
premature to when the gas in the atmosphere of the tube has reached the necessary atomization 
temperature, which causes a cool environment that inhibits proper atomization of vaporized 
samples as the temperature for atomization is no longer ideal [49].  
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A more modern approach to the elemental analysis of atomized metals is inductively 
coupled plasma (ICP). This technique typically measures emission, rather than absorption, and 
provides cleaner and more reliable data than AAS through the coupling of ICP with mass 
spectrometry (ICP-MS) [49]. ICP uses a type of torch for atomization in which argon gas flows 
through concentric tubes and is inductively coupled to a radio frequency (RF) field [49]. This 
coupling produces enough energy to ionize the gas and create an extremely hot argon plasma that 
is capable of atomizing an aerosolized sample injected within the torch’s central tube [49].  
In this project, a graphite furnace was utilized as it is more sensitive than flame 
atomization, but less of a financial burden than ICP. The use of a graphite furnace in AAS is 
known as electrothermal AAS (ETAAS). The instrument used, seen in Figure 5, was a Perkin 
Elmer PinAAcle 900z, which came with a Zeeman background correction system. In this system, 
an electromagnet surrounds the graphite furnace that allows only background absorption to occur 
when it is on [50]. This background absorption is collected and then subtracted from the atomic 
absorption signal collected when the electromagnet is off [50].  
Sample preparation for AAS often includes nitric acid (HNO3) and matrix modifiers. 
Nitric acid is used as a sample diluent in varying concentrations, depending on the metal of 
interest. The low pH of nitric acid and its oxidizing nature helps to prevent analyte precipitation 
by mineralizing metal atoms into their more soluble nitrate salt form [51]. Nitric acid is also 
capable of digesting sample matrices to reduce their spectral interference. This digestion is also 
useful as it can convert all the metal analyte in the sample into a single oxidation state [52]. The 
oxidation state of the metal of interest is important in AAS because some oxidation states will 
produce unreliable data. For example, selenium with an oxidation state of +4 (Se4+) produces 




Figure 5: Image of the Perkin Elmer PinAAcle 900z atomic absorption spectrometer used in 
analysis for this project. Photo Credits: Ashleigh Coggins-Block.   
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Matrix modifiers help reduce both matrix interference and the loss of analyte signals by 
either increasing the volatility of the matrix or decreasing the volatility of analytes [53]. Some 
examples of matrix modifiers that can be used in AAS can be seen in Table 1. An example of a 
matrix modifier in action is when ammonium nitrate (NH4NO3) is used in the analysis of 
saltwater samples. Sodium chloride (NaCl) burns in the graphite furnace, creating smoke and an 
absorption signal that interferes with analyte signals. When ammonium nitrate is added to 
samples that contain sodium chloride, a double replacement reaction (Eq. 5) occurs to create 
ammonium chloride (NH4Cl) and sodium nitrate (NaNO3), both of which evaporate without 
producing any smoke [53].  
 
NaCl + NH4NO3 → NH4Cl + NaNO3          (Eq. 5) 
 
Magnesium nitrate (Mg(NO3)2) is a matrix modifier that decreases the volatility of the analyte 
aluminum. Magnesium nitrate breaks down to magnesium oxide (MgO) when it is heated (Eq. 
6). The mixing of magnesium oxide with aluminum (Al) samples then creates aluminum (III) 
oxide (Al2O3) (Eq. 7), which requires more heat to break down and evaporate than elemental 
aluminum [53]. Extra heat is therefore required to gain the atomized version of aluminum needed 
for atomic absorption analysis (Eq. 8) and further separates it from the atomization of the matrix. 
 
2Mg(NO3)2 + heat → 2MgO + 4NO2 + O2        (Eq. 6) 
 
3MgO + 2Al ↔ 3Mg + Al2O3         (Eq. 7) 
 












Table 1: Various matrix modifiers available to use in atomic absorption spectroscopy (AAS).  
Matrix Modifiers 
Ammonium nitrate (NH4NO3) 
Ammonium dihydrogen phosphate ((NH4)H2PO4) 
Palladium (II) nitrate (Pd(NO3)2) 
Magnesium nitrate (Mg(NO3)2) 
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Chapter II. Materials and Methods 
2.1 Materials 
 A Perkin Elmer PinAAcle 900z atomic absorption spectrometer (Perkin Elmer, Waltham, 
MA) equipped with a Zeeman background correction system (Perkin Elmer) and Syngistix for 
AA software (Perkin Elmer) was used in ETAAS analysis. Hollow cathode and electrodeless 
discharge lamps, 1000 µg/mL heavy metal standard solutions, 10% ammonium dihydrogen 
phosphate and 10000 mg/L magnesium nitrate matrix modifiers, and polypropylene sample cups 
were also all purchased from Perkin Elmer.  
18 MegOhm deionized water was obtained through a Mili-Q Advantage A10 water 
purification system (Milipore, Darmstadt, Germany). 70% (w/w) nitric acid and ACS grade 
methanol were purchased from Fisher Scientific (Waltham, MA). 99% extra pure propylene 
glycol was purchased from Acros Organics (Waltham, MA) and 99+% vegetable glycerin was 
purchased from Alfa Aesar (Haverhill, MA).  
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2.2 Developing a Method for Electrothermal Atomic Absorption Spectroscopy (ETAAS) 
 Development of a method to analyze ENDS e-liquids via ETAAS began with finding the 
most linear range of calibration standards for each metal of interest (lead, nickel, chromium, and 
cadmium). A starting range of 10-100 parts per billion (ppb) in steps of 10 ppb was initially 
tested and subsequent tests were then performed based on the results of the initial test. Altering 
nitric acid concentrations and matrix modifier presence was also done as needed, starting with 
what was recommended by the manufacturer (Perkin Elmer). Default instrument settings for 
each metal were used as summarized in Table 2. Hollow cathode lamp (HCL) sources were used 
for lead, nickel, and chromium analysis, while an electrodeless discharge lamp (EDL) source was 
used in cadmium analysis.  
Aqueous 100 ppb heavy metal stock solutions for lead, nickel, chromium, and cadmium 
were made by diluting 10 µL of their respective 1000 µg/mL heavy metal standard solutions to 
mark in a 100 mL volumetric flask using Mili-Q water. The 100 ppb stock solution for cadmium 
was further diluted to 20 ppb by mixing 200 µL of 100 ppb solution with 800 µL of 0.2% nitric 
acid. Aqueous 10% nitric acid was made by diluting 14.3 mL of 70% (w/w) nitric acid to mark in 
a 100 mL volumetric flask with Mili-Q water. This reagent was used as a diluent in lead analysis. 
Aqueous 0.2% nitric acid was made by diluting 2.0 mL of 10% nitric acid to mark in a 100 mL 
volumetric flask with Mili-Q water. This reagent was used as a diluent in nickel, chromium, and 
cadmium analysis. 0.05 mg ammonium dihydrogen phosphate (ADP) + 0.003 mg magnesium 
nitrate matrix modifier solution was made by mixing 50 µL of 10% ADP with 30 µL of 10000 
mg/L magnesium nitrate and 100 mL of Mili-Q water. This matrix modifier was used for all 
cadmium standards and samples. All solutions were stored at room temperature in plastic 
Nalgene bottles.  
26 
 
Table 2: Summary of standards, validation parameters, and instrument conditions for lead (Pb), 
nickel (Ni), chromium (Cr), and cadmium (Cd) methods developed for ETAAS.   
 
 
Pb Ni Cr Cd 
Calibration Range (ppb) 40-80 30-70 20-80 1-10 
Calibration Step (ppb) 5 5 5 1 
Quality Controls (ppb) 45, 60, 75 35, 50, 65 25, 50, 75 2, 5, 8 
Dynamic Range (ppb) 40-80 30-70 30-80 2-8 
LOD (ppb) 10 10 10 1 
LOQ (ppb) 40 30 30 2 
Sample Aliquot (µL) 20 20 20 20 
Drying (°C) 110 110 110 110 
Ashing (°C) 130 130 130 130 
Pyrolysis (°C) 850 1100 1500 500 
Atomization (°C) 1600 2300 2300 1500 
Cleanout (°C) 2450 2450 2450 2450 
Nitric Acid (%) 10 0.2 0.2 0.2 
Matrix Modifier None None None 5 µL of 0.05 mg ADP + 
0.003 mg magnesium 
nitrate per 20 µL sample  
Lamp λ (nm) 283.31 232 357.87 228.8 
Slit Width (nm) 0.7 0.2 0.7 0.7 
Injector Temp (°C) 20 20 20 20 
Determination 
coefficient (r2) minimum 
0.99 0.99 0.99 0.99 










Table 2 shows the concentrations of each solution made using 100 ppb stock solutions. 
Calibration standards were made by the instrument using the atomic absorption (AA) computer 
software, Syngistix for AA. Quality control (QC) standards were made by hand. Due to the 
variability of the dynamic range between trials, the calibration ranges seen in the first row of 
Table 2 were usually slightly wider than the dynamic ranges seen in the fourth row. Cadmium 
had the smallest concentration range for calibration and was also the only metal of interest whose 
signal improved during method development upon the addition of a matrix modifier. Sample 
calibration curves, along with sample absorption signals, for lead, nickel, chromium, and 
cadmium can be seen in Figures 6, 7, 8, and 9, respectively. These calibration ranges allow for 
heavy metal concentrations to be accurately determined. The sample absorption figures also 
show each element’s approximate maximum residence time, which is the time when the majority 
of the sample is atomized and is absorbing light from the source. A small sample set of data 
exported from Syngistix for AA to Microsoft Excel can be seen in the Appendix in Table A1.  
Table 2 also highlights the limits of detection (LOD) and quantitation (LOQ) for each 
element. LOD was determined as the lowest concentration tested that showed a peak on the 
instrument that was clearly distinguishable from the blank signal. This value could be lower than 
what is listed in Table 2 as lower concentrations were not tested. LOQ was determined as the 
lowest value of the dynamic range for each run. The LOQs seen in Table 2 are based on the 
widest dynamic ranges accomplished. The values for LOD and LOQ were not determined 
statistically using slope (m) and standard deviation of y-values (sy) because the results of these 
calculations may have provided values too low the spectrometer to accurately measure.    
The last three rows of Table 2 highlight validation parameters used to determine if a run 
was acceptable or not. The coefficient of determination (r2) for each calibration curve 
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constructed was a value of at least 0.985 so it may be rounded to 0.99. A coefficient of 
determination of 0.99 is equal to a correlation coefficient (r) of 0.995. The success of QC 
standards was assessed using a 20% variance from the expected metal concentration. The relative 
standard deviation (RSD) threshold for lead, nickel, and chromium was 10%, while it was 15% 
for cadmium. The threshold was higher for cadmium due to the significant decrease in 
calibration concentration compared to the other three elements. This decrease in concentration 






Figure 6: Top: Sample calibration curve for lead (Pb) showing the element’s widest dynamic 
range. Bottom: Sample absorption signal for lead showing the element’s approximate residence 
time (RT) in seconds.  








































Figure 7: Top: Sample calibration curve for nickel (Ni) showing the element’s widest dynamic 
range. Bottom: Sample absorption signal for nickel showing the element’s approximate residence 
time (RT) in seconds.  













































Figure 8: Top: Sample calibration curve for chromium (Cr) showing the element’s widest 
dynamic range. Bottom: Sample absorption signal for chromium showing the element’s 
approximate residence time (RT) in seconds.  








































Figure 9: Top: Sample calibration curve for cadmium (Cd) showing the element’s widest 
dynamic range. Bottom: Sample absorption signal for cadmium showing the element’s 
approximate residence time (RT) in seconds.  
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2.3 Testing the Method for Electrothermal Atomic Absorption Spectroscopy (ETAAS) 
Once the methods for each element were developed, they were tested using a small 
sample of open-system and closed-system e-liquids (pictured in Figure 10) that in no way were 
associated with the ITC project. The samples seen in Figure 10 were chosen because they were 
easily accessible and available in large volumes. The open-system samples included Liquid 
Nicotine Wholesaler Red Tobacco (2.4% nicotine), The Vaper’s Knoll Watermelon (1.6% 
nicotine), and Crafter Simple Watermelon (1.6% nicotine). Only the Vaper’s Knoll Watermelon 
listed born on (11.Jun.2015) and expiration (11.Jun.2017) dates. Stock bottles of these open-
system e-liquids were kept in the refrigerator until ready for analysis. 
Closed-system devices chosen for method testing were Blu brand disposable e-cigarettes. 
These disposable devices were either tobacco or menthol flavored and had a label concentration 
of 2.4% nicotine. No expiration or born on dates were recorded for these samples. Since closed-
system ENDS come prefilled with very small volumes of e-liquid (about 1 mL each for the Blu 
samples described above), the e-liquid from products with the same LOT number were pooled 
together to ensure enough sample volume for testing. There were 48 total tobacco flavored 
samples of the same LOT number. There were two LOT numbers for menthol, each with 24 
samples.  
The e-liquid in each ENDS device was manually extracted as follows. A small, flat-head 
screwdriver was pushed through the plastic mouthpiece and used as a lever to remove it. Next, 
point-tip tweezers were used to remove the cotton wick and place it inside a 3 mL plastic syringe 
that had the plunger removed. Using the tabs of the syringe to suspend it, the syringe was then 
placed in a 15 mL plastic centrifuge tube. The plunger was then put back into the syringe and the 
wick was squeezed by hand to drain e-liquid into the centrifuge tube. The plunger was then 
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removed, and the centrifuge tube was pulsed in a centrifuge until 5000 rpm to ensure all e-liquid 
was removed from the wick. After centrifugation, the syringe was removed from the tube, and 
the e-liquid present in the 15 mL tube was pooled into a 50 mL tube based on LOT number that 
was then capped and stored in the refrigerator until ready for analysis. 
A Perkin Elmer PinAAcle 900z ETAAS was used to analyze the e-liquid samples for all 
heavy metals of interest. Mili-Q water was used as a sample blank. All reagents and samples 
placed on the autosampler were kept in polypropylene AA sample cups. All samples were run in 
triplicate for each element and were initially run with no dilution. If the resulting absorbance 
signal was below or within the most linear portion of the calibration range, no dilution of the 
sample was conducted. If the resulting absorbance signal was above the most linear portion, the 
respective sample(s) were diluted by hand with the appropriate concentration of nitric acid and 
rerun until the signal was within range.  
It is very important that e-liquid dilutions be done by hand and not by the instrument 
itself as the instrument does not have the capability to properly mix viscous liquids. Due to their 
viscosity, all pipetting of e-liquids utilized the reverse-pipetting technique. When using a 
micropipette the normal way, a user presses the plunger to the first stop, draws up the liquid of 
interest, and then expels it from the pipette tip by pressing the plunger to the second stop. In 
reverse-pipetting, a user will press the plunger to the second stop, slowly draw up the viscous 
liquid, pausing for a few seconds to ensure the correct amount has been drawn up, then expel it 
from the pipette tip by pressing the plunger to the first stop and waiting a few seconds for liquid 






Figure 10: Open-system (top) and closed-system (bottom) samples used to test the ETAAS methods for each element of interest. 




2.4 Samples Tested for the ITC 
As part of the ITC project, both open-system and closed-system products of various local 
and big brand manufacturers were purchased in the United States, England, Canada, and 
Australia. To date, the only products tested were purchased in 2017. Table 3 summarizes the 
quantity of samples tested from each country. Although closed-system samples were purchased 
in 2017 from Canada and Australia, all e-liquid from those samples was consumed before 
analysis of heavy metals could be completed. 
 Like with the method test samples, open-system ITC samples need not be extracted for 
analysis. They were taken directly from their bottles and put in polypropylene AA sample cups. 
Closed-system samples were extracted from their ENDS device and stored in Eppendorf tubes. 
Closed-system sample extraction varied as the design of the ENDS did. Some samples could be 
extracted by pushing an 18 gauge needle through the mouthpiece and into the reservoir, then 
drawing the e-liquid up into a 1 cc syringe to be transferred to an Eppendorf tube. Other closed-
system samples were extracted by starting with a syringe whose plunger had been removed. The 
closed-system sample would then be placed in this syringe with the mouthpiece down, and the 
whole thing would be placed in a centrifuge tube. The tabs of the syringe would suspend it 
within the tube, so nothing was touching the bottom. The tube was then centrifuged, allowing 
any e-liquid to be drawn out of the device and collected in the bottom of the tube. All samples 














Country Open-System Closed-System 
United States n = 36 n = 14 
England n = 17 n = 48 
Canada n = 10 n = 0 







2.5 The Source of Metals in ENDS 
To determine the source of toxic heavy metals in ENDS, a closed-system sample was 
chosen for parts analysis. This sample was chosen based on data collected on the ENDS products 
purchased and tested as part of the ITC project. This particular product showed an extremely 
high level of lead, reaching 2191.6 ppb. This product also showed chromium at a level of 209.5 
ppb, and nickel at an estimated level of 159.4 ppb. This product, however, showed no 
quantifiable cadmium. Because of the levels found of the former three metals tested, this product 
was chosen to be deconstructed. This product was a Blu PLUS+ Tanks™ (Patent 9,986,762), 
which was purchased online in 2017 from England. This product was cherry flavored and had a 
label concentration of 0.9% nicotine. No expiration or born on dates were available for this 
product. This product was not heated at any point and was stored in a refrigerator at 4°C until it 
was time to deconstruct it.       
This Blu product was manually deconstructed into 16 individual components (Figure 11, 
Table 4) as follows. The rubber cap and any stickers on the device were removed first. A small, 
flat-head screwdriver was used to remove the plastic mouthpiece. Point-tip tweezers were used to 
remove any easily accessible parts, such as the wick, coil, and gaskets. Next, a Dremel was used 
to cut open the metal casing, all e-liquid was drained out, and remaining pieces were removed 
using point-tip tweezers. All parts, including the rubber cap and any stickers, were then rinsed 
over a Kimwipe using ACS grade methanol. The parts were placed in a beaker, submerged in 
methanol, and sonicated for 5 minutes in a VWR sonicator. The methanol in the beaker was 
wasted out and the parts were then re-submerged in new methanol and sonicated for another 5 
minutes. After the second round of sonication, the parts were allowed to air dry on a petri dish 







Figure 11: Individual components of the Blu device (top right) manually deconstructed to 










Table 4: Summary of parts obtained from the deconstructed Blu device. 
16 Total Parts 
Metal 
5 parts 























A blank e-liquid solution was made by mixing 475 mL of 99% extra pure propylene 
glycol (PG), 475 mL of 99+% vegetable glycerin (VG), and 50 mL of Mili-Q water. The water 
was added to aid in the mixing of the PG and VG. This PG/VG mixture was used as blank e-
liquid and stored in a Nalgene bottle at room temperature. Each part of the deconstructed Blu 
device was transferred to a 15 mL plastic centrifuge tube using tweezers. Each tube was then 
filled with 10 mL of the blank e-liquid solution. Samples were kept on a test tube rack in the 
refrigerator.  
The following was done at time 0, 2 weeks, 1 month, 3 months, 6 months, 1 year (12 
months), and 2 years (24 months) from the preparation of the deconstructed Blu device parts. For 
the purpose of this experiment, 1 month was said to equal 4 weeks. Each 15 mL centrifuge tube 
with a device part in it was mixed via inversion for 15 minutes to ensure any metals present were 
evenly distributed. 1 mL (1000 µL) of e-liquid was reverse-pipetted out of each tube and placed 
in separate 2 mL Eppendorf tubes. These samples were stored in the refrigerator until ready for 
analysis via ETAAS. An aliquot of blank e-liquid solution was also used as a reference. This 
blank e-liquid sample was 1 mL of the 50/50 (v/v) PG/VG in 5% water mixture that had not 
touched any of the parts taken from the device. 
If quantifiable metals were found during ETAAS analysis, the cumulative amount of 
metal in ppb leached into 10 mL of blank e-liquid was calculated using Eq. 9, where TSV was 
equal to the total sample volume in mL at the time the aliquot was taken.  
 
(concentration in ppb)× TSV
(1000 mL)




Chapter III. Results and Discussion  
3.1 Testing the Method for Electrothermal Atomic Absorption Spectroscopy (ETAAS) 
Table 5 gives a summary of the results from the method test trials that analyzed three 
open-system and three closed-system e-liquids, along with a tap water control sample. No metal 
was found in quantifiable levels in any of the open-system samples or in the tap water control. 
Lead and cadmium were not seen in any of the three closed-system samples, but nickel and 
chromium were seen in varying levels in all of them. Standard deviations for the levels of nickel 
and chromium quantified were generally low, with relative standard deviations (RSD) for four of 
the six quantifiable metal levels being less than or equal to 11.1%. Two samples gave higher 
RSD values for chromium, being 31.1% for Tobacco and 46.1% for Menthol 1. These high RSD 
values could have been due to improper mixing of the sample prior to testing.  
The difference in nickel and chromium concentrations seen between samples shows that 
there is a great inconsistency between products. This can originate from many places, including 
lack of regulation in manufacturing and the time a product has sat on the shelf. Due to the 
disparity between these samples, a much larger sample set needs to be tested to fully support the 
difference in metal concentrations between open-system and closed-system samples.  
Validating the developed method supports previous research [22, 24-26] that only closed-
system, not open-system, e-liquids show quantifiable levels of heavy metals, specifically nickel 
and chromium that were seen in our test samples. This prominence of nickel and chromium 
shows how direct contact of the ENDS heating coils with e-liquid can increase both their 
concentration and frequency of quantitation in samples. These results also support claims that the 
source of metals is the ENDS device itself [24-26] and not the cultivated tobacco plant that the 







Table 5: Summary of results for data collected from method development test samples. <LOQ means the sample signal was below the 
limit of quantitation for the element being analyzed. Variance represents standard deviation for n = 3. 
  
Brand; Flavor Pb (ppb) Ni (ppb) Cr (ppb) Cd (ppb) 
Open-System 
Liquid Nicotine Wholesaler;  
Red Tobacco 
<LOQ <LOQ <LOQ <LOQ 
The Vaper's Knoll;  
Watermelon 
<LOQ <LOQ <LOQ <LOQ 
Crafter Simple; Watermelon <LOQ <LOQ <LOQ <LOQ 
Closed-System 


















Control Tap Water <LOQ <LOQ <LOQ <LOQ 
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3.2 Samples Tested for the ITC 
Often, when there are health risks associated with pollutants, the United States 
Environmental Protection Agency (EPA) publishes maximum contaminant levels (MCLs) for 
drinking water. These MCL values are also known as action levels and dictate when various 
entities, such as governments or manufacturers, need to resolve a contamination problem. 
Presently, MCLs for lead, chromium, and cadmium are 15, 100, and 5 ppb, respectively [54]. An 
MCL for nickel is not currently published [54]. These MCL values, although published for 
drinking water, were used as a general, relatable toxicity level for the four metals of interest that 
could be compared to the data collected from e-liquid samples. These drinking water standards 
were chosen because there is currently no similar value published specifically for inhalation or 
ENDS. 
No open-system samples from any country showed quantifiable levels of any metal of 
interest. This lack of quantifiable data in the open-system samples supports previous findings 
[22, 24-26] that the source of heavy metals in ENDS is the device itself as it leaches metals into 
closed-system e-liquids. However, quantifiable levels of metals were seen in the closed-system 
samples from the United States and England.  
Figure 12 is a summary of the data obtained from all closed-system samples tested that 
were purchased in the United States and England in 2017. Data collected below the limit of 
quantitation (LOQ) was represented in data analysis as the LOQ divided by the square root of 
two. In Figure 12, the x-axis represents each country tested along with the drinking water MCL 
values for each metal, while the y-axis shows average metal concentration in ppb up to 700 ppb. 
Figure 12 shows higher average levels of nickel and chromium in the United States samples, 







Figure 12: Summary of data collected for all closed-system samples purchased in the United States and England in 2017. Error bars 
indicate standard deviation between all products tested within the country for that metal. Y-axis limit = 700 ppb. EPA MCL = 
maximum contaminant level for drinking water.
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When comparing all the data to the EPA MCL values it can immediately be seen just how 
high the levels of these metals were in some of the samples. Average lead levels from both the 
United States and England were well above their respective EPA MCL values, and chromium 
was above its respective limit in the United States. While an MCL value is not published for 
nickel [54], the levels seen in the United States and England are still above the limits of the other 
three published values. When the samples that were below the LOQ are factored into the average 
value for cadmium, its level of 1.5 ppb is significantly lower than its respective MCL value of 5 
ppb.  
Figure 13 again shows a summary of the closed-system data from the United States and 
England, however this time it only shows the positive samples and the y-axis reaches 2000 ppb. 
A positive sample was defined as a sample containing at least one quantifiable metal of interest. 
100% of the United States samples were positive, while only 60% of the England samples were. 
While the United States and England were fairly similar in their average quantifiable amounts of 
nickel and chromium, England showed much higher average lead. This may be related to 
England’s government taking a more relaxed approach to ENDS regulations. Cadmium again 
was only quantified in one United States sample. 
One important takeaway from the data presented in Figures 12 and 13 is the 
acknowledgement of the large standard deviations. This highlights the inconsistency and 
unpredictability of metal levels in closed-system samples, which may be related to a lack of 
manufacturing regulations for these products. The average concentrations of the metals, aside 
from cadmium, were also all near or well above the EPA MCL value for drinking water. While 
the toxic effects of heavy metals could possibly differ between oral ingestion and inhalation, 






Figure 13: Summary of quantifiable data collected for positive closed-system samples purchased in the United States and England in 
2017. Error bars indicate standard deviation between samples positive for each respective metal. Y-axis limit = 2000 ppb. EPA MCL 
= maximum contaminant level for drinking water. 
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Figure 14 breaks down the positive United States data into individual closed-system 
samples. The x-axis represents each individual closed-system sample, grouped based on product 
brand, along with the EPA MCL values for drinking water. The y-axis represents metal 
concentration in ppb and goes to 800 ppb. Lead is represented in yellow, nickel in blue, 
chromium in red, and cadmium in orange.  
Some samples in Figure 14 were consumed before analysis could be performed on all 
four metals of interest. These are marked with a carrot below the sample data. Data bars for 
metals not tested were simply omitted from the figure. Lead and cadmium were not analyzed for 
the indicated Vuse sample. The first and third marked Mark Ten XL samples were not tested for 
lead, chromium, or cadmium. The second (middle) marked Mark Ten XL sample was not tested 
for chromium.  
Some values within Figure 14, and subsequently in Figures 15-18, each marked with a 
tilde, are only estimated or contain an estimated value within the average as the sample was 
consumed before an accuarate value within the linear calibration curve could be collected. 
Samples were often consumed quickly because closed-system samples do not provide large e-
liquid sample volumes to work with, and these samples were also being tested for many other 
factors other than their heavy metal presence.  
 Figure 14 shows the prominence of nickel in the United States closed-system samples, 
being quantified in 100% of the positive samples and seen in elevated levels in Blu and Ten 
Motives brand products. Chromium was in second place being quantified in 50% of the samples. 
Only three samples showed quantifiable lead, two of which were the Blu brand. The Blu brand 








Figure 14: Individual closed-system sample data from positive ENDS purchased in the United States in 2017. Error bars indicate 
standard deviation for n = 3. Y-axis limit = 800 ppb. EPA MCL = maximum contaminent level for drinking water.
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Only 60% of the closed-system samples tested that were purchased in England showed 
quantifiable levels of one metal or more. Figures 15 and 16 show the individual England closed-
system samples echoing many of the trends of those from the United States. In both Figures 15 
and 16, the x-axis again represents each individual closed-system sample, grouped based on 
product brand, along with the EPA MCL values for drinking water. The y-axis represents metal 
concentration in ppb and goes to 500 ppb for Figure 15 and to 2200 ppb for Figure 16.  
Cadmium was not quantified in any of the closed-system England samples. Nickel was 
the most prominent metal being quantified in 97% of the positive samples, seen in the highest 
levels in the Ten Motives brand. Chromium was in second place being quantified in 59% of the 
positive samples. Lead was seen at the same rate in England as it was in the United States, being 
quantified in 21% of the samples.  
All six of the samples containing quantifiable lead were Blu brand, with four of these 
samples being cut off by the 500 ppb limit of the y-axis on Figure 15. This is consistent with Blu 
brand products showing elevated levels of lead in the United States samples. Along with the four 
elevated lead levels, three samples containing quantifiable nickel were also cut short by the y-
axis in Figure 15. These three samples were also all the same brand, which was Ten Motives. 
These high concentration samples are marked on Figure 15 with an asterisk above their data bar.  
The expansion of the y-axis in Figure 16 to 2200 ppb emphasizes the high concentrations 
in the four lead and three nickel samples cut off by the scale in Figure 15. The highest nickel 
concentration reached almost 1200 ppb, while the highest lead concentration went almost double 








Figure 15: Individual closed-system sample data from positive ENDS purchased in England in 2017. Error bars indicate standard 






Figure 16: Individual closed-system sample data from positive ENDS purchased in England in 2017. Error bars indicate standard 
deviation for n = 3. Y-axis limit = 2200 ppb. EPA MCL = maximum contaminent level for drinking water.
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Examination of the closed-system results from the United States and England appeared to 
show that the Blu brand typically had the most quantifiable levels of lead. This holds true when 
the results of all the closed-system samples from the United States and England are arranged 
based on their brand, as seen in Figure 17.  
In this figure, the x-axis represents each closed-system brand tested, separated based on 
country of origin, along with the EPA MCL values for drinking water. The y-axis represents 
metal concentration in ppb and goes to 2000 ppb. The n values below each brand name represent 
the number of that brand tested for lead, nickel, chromium, and cadmium. The n values above 
each metal data bar represent the number of samples of that brand to show quantifiable levels of 
each respective metal of interest.  
 Staying consistent from the data seen in Figures 14-16, the Blu brand showed the highest 
average levels of lead in both the United States and England. Lead was also seen most often in 
Blu brand samples. Of nine total samples showing quantifiable lead, eight of them were Blu. The 
Blu brand also had the highest number of samples show quantifiable nickel and chromium and 
was the only brand to show quantifiable cadmium.  
Blu products purchased in the United States had the highest average concentration of 
nickel, while both Mark Ten (United States) and Ten Motives (England) brand products had 
higher average concentrations of nickel than Blu products purchased in England. Nicolites had 
the highest concentration of chromium between all the brands. An important note about 
chromium in Nicolites is that n =1, while n = 4 for Blu from the United States and n = 11 for Blu 







Figure 17: Average concentrations of metals (ppb) in positive closed-system samples organized based on manufacturer purchased in 
the United States (left) and England (right). Error bars indicate standard deviation between samples positive for each respective metal. 
Y-axis limit = 2000 ppb. EPA MCL = maximum contaminant level for drinking water.
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The combination of data seen in Figures 14-17 also highlights the inconsistency between 
brands. This again can be related to a lack of regulation as all manufacturers are not necessarily 
held to the same standards as each other between countries. This has led to staggering amounts 
of heavy metals, mainly nickel and lead, to be found in certain closed-system e-liquids. This also 
may be why some brands, such as Blu, Mark Ten/Ten Motives, and Nicolites, showed higher 
levels of lead, nickel, and chromium, respectively, than the other brands in the sample pool. 
In an interest to examine potential trends between e-liquid flavors, all the data for the 
positive closed-system samples from the United States and England was organized based on 
three main flavor categories, which can be seen on the x-axis in Figure 18. The three main e-
liquid flavor groups were tobacco, mint, and cherry. In this figure, the y-axis axis represents 
metal concentration in ppb and goes to 2500 ppb. The n values below each flavor represent the 
number of that flavor tested for lead, nickel, chromium, and cadmium. The n values above each 
metal data bar represent the number of samples of that flavor to show quantifiable levels of each 
respective metal of interest.  
The single sample to show quantifiable cadmium was tobacoo flavored. While cherry had 
the least number of samples of the three main categories, it still provided substantial quantifiable 
data. It presents the highest average concentration of lead, including the two England samples 
that reached almost 2200 ppb. Mint had the highest average levels for nickel, and tobacco had 
the highest for chromium. However, cherry had similar concentrations for both, trailing by only 
about 25 ppb for nickel and by less than 1 ppb for chromium.  
The trend seen in flavor analysis also raises the question of how the chemical components 
of an e-liquid’s flavor affect the leaching of metals from ENDS. Evidence of this is supported by 
cherry flavored e-liquids leaching much higher amounts of lead into e-liquid than tobacco or 
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mint flavored products. One hypothesis on why this occurred is the way chemical components in 
cherry flavored e-liquids, commonly acidic benzaldehyde [55], may alter the pH of the e-liquid, 
causing a different reaction with the parts of the ENDS than with tobacco and mint flavorings. 
This is very plausible as pH has been known to influence the solubility, and therefore leaching of 
metals from cookware [56]. This occurs due to the release of more soluble metal cations at low 






Figure 18: Average concentrations of metals in positive closed-system samples purchased in the United States and England organized 
based on general flavor category. Error bars indicate standard deviation between samples positive for each respective metal. Y-axis 
limit = 2500 ppb. EPA MCL = maximum contaminant level for drinking water.
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3.3 The Source of Metals in ENDS 
After testing all 16 parts of the Blu closed-system test sample, no device part showed 
quantifiable levels of nickel, chromium, or cadmium at any of the five sampling time points. This 
is possibly due to samples becoming too dilute when the part was submerged in 10 mL of blank 
e-liquid, or the lack of a battery present in the sample. Lead, however, was quantified, but only in 
one part. For a full summary of the data collected for all parts and metals at each sampling time 
point, please refer to Table A2 in the Appendix. 
The single part to show quantifiable lead was D5 (refer to Figures 11 and 19), which was 
a metal part of the device that is used by consumers to connect the reservoir of the cartridge to a 
battery power source before use. The exact type of metal this part is made of is unknown, but it 
is very cheap as during the deconstruction of the device, this piece would break and crumble 
when just human force was applied to it.  
Figure 19 represents the cumulative amount of lead leached from D5 into the blank e-
liquid the part was submerged in. This amount is represented in ppb in 10 mL of e-liquid (Eq. 9), 
which was the starting volume of e-liquid in the sample tube for the part. An immediate take 
away from this data is that time does in fact affect the amount of a metal that is leached into e-
liquid. As far as the lead in part D5, the cumulative amount leached increased from time 0 to 1 







Figure 19: Cumulative lead (Pb) leached from part D5 (pictured top left) in ppb in 10 mL of e-liquid at each sampling time point. 
Error bars indicate standard deviation for n = 3. 
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A Kruskal-Wallis non-parametric test, or a one-way ANOVA test, was performed on the 
data collected for lead in part D5 using the program GraphPad Prism. This test was chosen as it 
does not assume the data set has a normal Gaussian distribution and uses the median, rather than 
the mean, in its statistical analysis. In this test, the null hypothesis says that the population 
medians are equal, while the alternative hypothesis states that they are not equal [58]. It is also 
well suited for small data sets such as the data collected for part D5. The test was done twice, 
once to compare the latter four time points to time 0, and once to compare the latter four time 
points to each other, excluding time 0, in a multiple comparisons test.  
For both tests the difference between time point values was determined to be statistically 
significant if the p value was below 0.05. When a p value is statistically significant, it supports 
that the null hypothesis is incorrect and that any differences between data points are not due to 
chance [59]. An overall p value can show that a data set has statistically significant data 
somewhere within the set, but it does not tell exactly where. Adjusted p values, or p values for 
each individual comparison done in the test, show exactly where that significance is.  
For the first test, where the results can be seen in Table 6, a significant difference was 
found at the 1 month and 3 months-time points when compared to time 0. The adjusted p value 
for the comparison of time 0 to 6 months however was very close to the significance threshold. 
This comparison was not determined to be significant most likely due to a lack of replicates. The 
fact that time 0 versus 2 weeks lacks significance may also be due to the lack of replicates.  
In the second multiple comparisons test, where the results can be seen in Table 7, the 
only individual comparison to be found statistically significant was the difference between the 











Table 6: Summary of p values collected from a Kruskal-Wallis Non-Parametric test done on the 
data collected from lead leaching from part D5. The latter four time points are being compared to 





 p Value 
Time 0 vs 2 Weeks 0.9329 
Time 0 vs 1 Month 0.0031 
Time 0 vs 3 
Months 
0.0465 
Time 0 vs 6 
Months 
0.0710 












Table 7: Summary of p values collected from a Kruskal-Wallis Non-Parametric test done on the 
data collected from lead leaching from part D5. This is a multiple comparisons test for the latter 





 Adjusted  
p Value 
2 Weeks vs 1 Month 0.0078 
2 Weeks vs 3 Months 0.2390 
2 Weeks vs 6 Months 0.3905 
1 Month vs 3 Months > 0.9999 
1 Month vs 6 Months > 0.9999 
3 Months vs 6 Months > 0.9999 




Chapter IV. Conclusions and Future Directions 
4.1 The Method for Electrothermal Atomic Absorption Spectroscopy (ETAAS) 
ETAAS was overall a simple method that allowed the visualization of metal 
concentrations between open-system and closed-system e-liquid samples. The test samples for 
the method were able to provide supporting evidence for previous research [22, 24-26] that 
closed-system, rather than open-system, e-liquids are the only samples to show quantifiable 
levels of heavy metals. This shows that the general source is not cultivated tobacco, as 
previously believed, but is instead the result of an interaction between e-liquids and the parts of 
the ENDS devices they are stored in.  
Sample preparation was not highly involved and programming in Syngistix for AA was 
not time consuming. Compared to other methods, such as analysis via inductively coupled 
plasma mass spectrometry (ICP-MS), ETAAS is a much more cost effective method, requiring 
lower grade reagents and consuming less argon gas during analysis [60]. While ETAAS is an 
easy technique to use, it also had some disadvantages. With the inconsistency seen between 
samples and products, finding the correct dilution sometimes took more tries than expected. This 
caused samples that already had low volumes available to get consumed quickly, and in some 
cases resulted in only estimated values for their metal concentrations.  
Another disadvantage is the time that it took to run the samples. Each sample could only 
be tested for one element at a time. This, coupled with the length of each triplicate run, hindered 
running all samples for all elements at one time as evaporation and analyte settling could have 
become a problem. This is where a technique such as ICP-MS would have been more useful, as 
it is capable of analyzing multiple elements at the same [60]. This would have allowed more 
samples to be run at once and decreased analysis time up to four-fold.  
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A major limitation to the method developed for e-liquid analysis via ETAAS was that the 
calibration curve and quality control standards were made in an aqueous matrix. This decision 
hinders the observance of matrix interference coming from the propylene glycol and vegetable 
glycerin used in the base of e-liquids. Because of this, some samples that would have had 
quantifiable levels of metals in an aqueous matrix may have appeared to be below the limit of 
quantitation due to the matrix interference reducing the atomic absorption signal collected. In the 
future, calibration curves and quality control standards should be made using the same matrix as 
e-liquids, or, at the very least, control samples of a spiked PG/VG mixture should be used to 
calculate the impact of matrix interference. The possible matrix interference caused by other 




4.2 Samples Tested for the ITC 
The data collected in the ITC study to date gives rise to a couple of main conclusions. 
The first is that no open-system samples have shown any quantifiable data, which again supports 
previous research [22, 24-26] that the source of metals in ENDS is the metal parts of the device 
themselves. The second is that of the closed-system samples tested, the United States had higher, 
average levels of nickel and chromium, but England had higher average levels of lead, 
highlighting discrepancies between countries of origin that may be related to differences in 
regulations.  
The third is that Blu brand products commonly showed higher levels of lead and also 
higher numbers of positive samples in general, showing how the discrepancy of metal 
concentrations is not only between countries of origin, but also between ENDS manufacturers. 
The fourth, and final conclusion from the ITC samples is that cherry flavored e-liquids showed 
elevated levels of metals of all flavor categories tested, thus suggesting a possible interaction 
between the heavy metals and flavoring components, possibly based on the effect pH may have 
on the solubility of metal ions [56-57].  
Moving forward with the ITC project will allow for a comparison of data between years 
of purchase as products purchased in 2018 are tested. This data may provide some insight on if 
changing regulations in the four countries of interest, especially the United States and England 
based on their closed-system samples, have any effect on the heavy metal concentrations 
detected in their e-liquids. It is also important to further investigate the effect of flavoring 
components on metal concentration and introduce more products with batteries into the sample 
pool to see if it increases the presence of cadmium in e-liquids.  
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While these metals are present in e-liquids that are extracted right from ENDS devices, 
this data still does not show if they transfer into the aerosolized version of these liquids that is 
inhaled by consumers, so an investigation into that would also be of great importance. It is also 
hopeful that all the data collected in this study, and in future studies, will help law makers 
advocate for stricter regulations of the ENDS industry to protect consumers from potential 






4.3 The Source of Metals in ENDS 
Unfortunately, this pilot study was not able to find sources for nickel, chromium, and 
cadmium in the ENDS device deconstructed. This is possibly due to samples being too dilute or 
the lack of a battery present in the sample. However, based on the preliminary data collected 
from battery connector part D5, it is now known for sure that leaching metals is an issue in 
ENDS, but more data needs to be collected to further determine the significance of the difference 
between time points.  
Based on the Kruskal-Wallis non-parametric data collected, the slight decrease seen from 
1 month to 6 months is not significant, implying that there may be contamination in the samples 
at various sampling times. Contamination of the experiment setup may also be what caused the 
difference between time 0 and 2 weeks to not be significant, indicating that consumers who 
purchase a product within two weeks of the device being filled may be at less risk of heavy metal 
exposure. While the difference between time 0 and 6 months was shown to not be statistically 
significant with an adjusted p value of 0.0710, the addition of more replicates and trials for this 
experiment would likely cause this value to decrease. Optimistically, this value would go below 
the 0.05 threshold, making it statistically significant.  
With ENDS devices being so unregulated, the data collected from the Blu PLUS+ 
Tanks™  gives a very limited view of the products currently on the market. To better determine 
all possible sources of lead, nickel, chromium, and cadmium in ENDS, a wider range of ENDS 
types and brands should be tested, along with more replicates and trials for each type and brand. 
Further testing should also seek to overcome samples that are too dilute and introduce both heat 
and a battery to the sample set. More data regarding manufacture dates should also be recorded 
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in the future as length of device contact with e-liquid has a clear effect on the concentrations of 
the metals of interest that are leached.  
Another possibility that should be investigated on why metals may be leaching from the 
device is an oxidation-reduction (redox) reaction may be occurring within the device due to a 
small current still flowing from the battery even when the device is not in use. Using open-
system e-liquids previously confirmed to not show quantifiable levels of the metals of interest as 
the solution each part is submerged in may also show how leaching is affected by other 
components of e-liquids, such as flavorings and nicotine. 
Moving forward, this experiment will be performed more than once with more than one 
device to strengthen the data set and provide more reliable statistical analysis. A more thorough 
cleaning procedure may also be considered to help eliminate more contaminants prior to 
analysis. The types of metals used to construct these devices should be more thoroughly 
investigated as this may provide some insight as to why some metal parts leached into the e-
liquid and others did not. Finally, the leachability of metals from these parts into the 
environment, such as into soil samples, is an important factor to investigate as improper disposal 





4.4 Project as a Whole 
Developing a method to quickly analyze heavy metals, such as lead, nickel, chromium, 
and cadmium, via electrothermal atomic absorption spectroscopy (ETAAS) in electronic nicotine 
delivery system (ENDS) e-liquids was crucial to being able to examine a multitude of samples 
and provide answers to questions that have not been researched extensively. The importance of 
determining the source of these metals in ENDS e-liquids is high as it is vital to providing 
manufacturers, and the public, with information that is related to the health and safety of ENDS 
consumers. Pinpointing the origin of these metals and showing that they come from the parts of 
ENDS devices can help manufacturers improve their products and help prevent serious health 
consequences for their clientele. 
In summary, the data collected in this thesis project supports previous research [22, 24-
26] indicating that heavy metals, including lead, nickel, chromium, and cadmium, are only 
present in closed-system (prefilled) ENDS e-liquids and not in open-system refill solutions. This 
indicates that they do not come from the cultivated tobacco used to derive nicotine for addition 
into e-liquids. The Blu PLUS+ Tanks™ product deconstructed and analyzed in this project 
supports that it is the metal parts of the device that are leaching metals into the e-liquid. 
Important data trends also emerged that show how metal concentrations depend on the ENDS 
country of origin, its manufacturer brand, its e-liquid flavor, and the length of time metal parts 
have been in contact with e-liquid. Moving forward it is hopeful that the publication of these 
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AA  Atomic Absorption  
AAS  Atomic Absorption Spectroscopy 
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CDC  The Centers for Disease Control and Prevention 
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ETAAS  Electrothermal Atomic Absorption Spectroscopy  
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PPE  Personal Protective Equipment 
RSD Relative Standard Deviation 
TSV  Total Sample Volume  
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US  United States 
VG  Vegetable Glycerin   
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Table A1: Representative atomic absorption signal data from a lead calibration curve. 
Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 
0 0.00002 -0.0004 0.00001 
0.03 -0.00003 0.00018 0.00026 
0.05 -0.00028 0.00019 0.0002 
0.08 -0.00026 -0.00002 0.00004 
0.1 -0.00009 -0.00019 0 
0.13 -0.00022 -0.00004 0.00013 
0.15 -0.00029 0.00019 -0.00004 
0.18 0.00009 0.00005 -0.00007 
0.2 0.0005 0.0002 -0.00006 
0.23 0.00013 0.00012 0.00009 
0.25 -0.00001 0.00001 -0.00016 
0.28 0.00041 0.00001 0.00006 
0.3 -0.00004 0.00049 0.00045 
0.33 0.00025 0.00051 0.00041 
0.35 0.00056 0.00064 0.00116 
0.38 0.00108 0.00146 0.00124 
0.4 0.00196 0.00199 0.00265 
0.43 0.003 0.00381 0.0044 
0.45 0.00458 0.00545 0.00642 
0.48 0.00685 0.00812 0.00954 
0.5 0.01005 0.01097 0.01358 
0.53 0.01413 0.01482 0.01862 
0.55 0.0186 0.02032 0.02581 
0.58 0.02571 0.02804 0.03451 
0.6 0.0353 0.03896 0.04585 
0.63 0.0475 0.0523 0.06114 
0.65 0.06365 0.07023 0.08171 
0.68 0.08546 0.09512 0.11047 
0.7 0.11395 0.12811 0.14778 
0.73 0.15116 0.16833 0.19136 
0.75 0.19273 0.20953 0.23883 
0.78 0.22881 0.24227 0.27885 
0.8 0.2485 0.25832 0.29849 
0.83 0.24732 0.25437 0.29674 
0.85 0.23293 0.2375 0.27976 
0.88 0.21272 0.21686 0.2556 
0.9 0.19249 0.19555 0.23078 
0.93 0.1739 0.17587 0.20676 
0.95 0.15469 0.15486 0.18166 
0.98 0.13459 0.13341 0.15647 
1 0.11422 0.11264 0.13065 
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Table A1 (Cont.): Representative atomic absorption signal data from a lead calibration curve. 
Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 
1.03 0.09491 0.09372 0.10799 
1.05 0.07737 0.0756 0.08769 
1.08 0.06309 0.06211 0.07081 
1.1 0.05071 0.05 0.05741 
1.13 0.04115 0.04115 0.04614 
1.15 0.03374 0.03426 0.03757 
1.18 0.02815 0.02857 0.03091 
1.2 0.02368 0.02382 0.02611 
1.23 0.01976 0.02061 0.02186 
1.25 0.0171 0.01806 0.0188 
1.28 0.01526 0.01576 0.01622 
1.3 0.01401 0.0141 0.01482 
1.33 0.01249 0.01308 0.01344 
1.35 0.01189 0.01162 0.01181 
1.38 0.01076 0.01134 0.01111 
1.4 0.01014 0.01038 0.01002 
1.43 0.0091 0.00941 0.00884 
1.45 0.00872 0.00887 0.00813 
1.48 0.00816 0.00859 0.00765 
1.5 0.00746 0.00798 0.00716 
1.53 0.00699 0.00702 0.0063 
1.55 0.00641 0.00659 0.00592 
1.58 0.00607 0.00633 0.00538 
1.6 0.0051 0.0056 0.00502 
1.63 0.00503 0.00465 0.00486 
1.65 0.00438 0.00492 0.00423 
1.68 0.00421 0.00448 0.00436 
1.7 0.00369 0.00447 0.00363 
1.73 0.00358 0.00414 0.0034 
1.75 0.0034 0.0035 0.00316 
1.78 0.00335 0.00308 0.00288 
1.8 0.00303 0.00313 0.00275 
1.83 0.00331 0.00294 0.00241 
1.85 0.00265 0.00248 0.00239 
1.88 0.00243 0.00242 0.00211 
1.9 0.00239 0.0021 0.00217 
1.93 0.00193 0.0021 0.00211 
1.95 0.00199 0.0021 0.00135 
1.98 0.00172 0.00125 0.00144 




Table A1 (Cont.): Representative atomic absorption signal data from a lead calibration curve. 
Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 
2.03 0.00193 0.00174 0.00146 
2.05 0.00124 0.00192 0.00154 
2.08 0.00082 0.00187 0.00168 
2.1 0.00078 0.00193 0.00137 
2.13 0.001 0.00121 0.00156 
2.15 0.00115 0.0014 0.00121 
2.18 0.00128 0.00151 0.00088 
2.2 0.00079 0.00105 0.00093 
2.23 0.00094 0.00096 0.00133 
2.25 0.00078 0.00108 0.00129 
2.28 0.00084 0.00095 0.00112 
2.3 0.00072 0.00072 0.00075 
2.33 0.00076 0.0014 0.00038 
2.35 0.00046 0.00089 0.00084 
2.38 0.00095 0.001 0.00039 
2.4 0.0008 0.00057 0.00075 
2.43 0.00063 0.0009 0.00074 
2.45 0.00008 0.00061 0.00079 
2.48 0.00054 0.00101 0.00104 
2.5 0.00058 0.00077 0.00143 
2.53 0.00039 0.00081 0.00034 
2.55 0.00034 0.00071 0.00061 
2.58 0.00076 0.00081 0.00031 
2.6 0.00084 0.00037 0.00035 
2.63 0.00064 0.00043 0.00051 
2.65 0.00025 0.00011 0.00074 
2.68 0.00067 0.00052 0.00079 
2.7 0.00011 0.00032 0.00033 
2.73 0.00042 0.00041 0.00071 
2.75 0.00018 0.00018 -0.00007 
2.78 0.00026 0.0004 0.00007 
2.8 0.00042 0.0005 0.00058 
2.83 0.00017 0.00073 0.00025 
2.85 0.00009 0.00068 0.00051 
2.88 0.0002 0.00023 0.00059 
2.9 0.00058 0.00037 0.00006 
2.93 -0.00011 0.00063 0.00081 
2.95 0.00033 0.00097 0.00039 
2.98 0.00027 0.00007 0.00028 




Table A1 (Cont.): Representative atomic absorption signal data from a lead calibration curve. 
Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 
3.03 0.00036 -0.00003 0.0003 
3.05 0.00019 0.0003 0.0004 
3.08 0.00047 -0.00008 0.00003 
3.1 0.00001 0.00022 -0.00006 
3.13 0.00018 0.00065 0.00026 
3.15 0.00031 0.00073 0.00039 
3.18 0.00019 0.00003 0.00029 
3.2 0.00066 0.00086 0.00073 
3.23 0.00029 0.00043 0.00023 
3.25 -0.00015 0.00027 0.00049 
3.28 -0.00005 0.00037 0.00077 
3.3 0.00028 0.00039 0.00016 
3.33 0.00016 0.00076 -0.00002 
3.35 0.00009 0.00019 0.00007 
3.38 0.0008 0.00039 0.00035 
3.4 0.0004 0.00023 0.00046 
3.43 -0.00017 0.00017 0.0002 
3.45 0.00042 0.00009 -0.00006 
3.48 0.00052 -0.00008 -0.00025 
3.5 0.00006 -0.00028 0.0005 
3.53 0.00028 0.00017 0.00028 
3.55 0.0004 0.00047 0.00003 
3.58 -0.00008 0.0002 0.00018 
3.6 0.00034 0.00013 -0.00018 
3.63 0.00021 -0.00024 0.00033 
3.65 0.00028 0.00037 0.00038 
3.68 0.00067 0.00036 0.00014 
3.7 0.00034 -0.00011 0.00036 
3.73 0.00012 0.00061 -0.00028 
3.75 -0.00003 0.00012 -0.00006 
3.78 0.00023 0.00019 0.00027 
3.8 0.00015 0.00008 0.00038 
3.83 0 0.00058 0.00003 
3.85 0.0002 0.00007 -0.00002 
3.88 -0.00014 -0.00013 -0.00032 
3.9 0.00055 0.00008 0.00013 
3.93 0.00018 0.00006 0.00009 
3.95 0.00015 0.00036 0.00023 
3.98 -0.00012 -0.00031 0.00043 




Table A1 (Cont.): Representative atomic absorption signal data from a lead calibration curve. 
Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 
4.03 0.00055 0.00019 0.00003 
4.05 0.00047 0.00022 0.0005 
4.08 0.00017 0.00074 -0.00013 
4.1 0.00041 -0.00012 0.00021 
4.13 0.00009 0.00006 0.00023 
4.15 0.00007 0.00052 0.00042 
4.18 -0.00018 0.0002 0.00006 
4.2 0.00022 0.00014 0 
4.23 0.00021 0.00056 0.00047 
4.25 0.00071 0.00002 0.00045 
4.28 0.00042 0.00018 0.00018 
4.3 -0.0002 0.00013 0.0001 
4.33 0.00013 0.00011 0.00011 
4.35 -0.00016 -0.0002 0.00025 
4.38 -0.00066 0.00012 0.00008 
4.4 0.00003 -0.00004 0.00062 
4.43 -0.00017 0.00052 0.00025 
4.45 -0.00024 0.00029 -0.00038 
4.48 0.00016 0.00041 0.00019 
4.5 0.00023 0.00043 -0.00017 
4.53 -0.00003 0.00024 -0.00011 
4.55 0.00016 -0.00003 -0.00001 
4.58 0.00001 -0.0002 -0.00012 
4.6 0.00039 0.00017 0.00014 
4.63 0.0002 0.00046 0.00008 
4.65 -0.0002 0.00011 0.00031 
4.68 -0.00024 -0.00031 -0.00006 
4.7 -0.00022 -0.00002 -0.00009 
4.73 -0.00046 0.00032 0.00019 
4.75 -0.00026 0.00008 0.00006 
4.78 -0.0002 0.00053 -0.00043 
4.8 0.00009 0.00028 0.0001 
4.83 -0.00005 -0.0001 -0.00002 
4.85 0.00028 0.00023 -0.00047 
4.88 -0.0001 -0.00001 0.00023 
4.9 -0.00004 0.00007 -0.00022 
4.93 -0.00015 0.00009 -0.00034 
4.95 0.00029 0.00061 0.0001 




Table A2: Cumulative metals leached from each part, metal and non-metal, of the closed-system 
device sample at each sampling time in ppb in 10 mL of e-liquid. <LOQ = absorbance signal was 
below the limit of quantitation. 
 
Material Part Metal Time 0 2 Weeks 1 Month 3 Months 6 Months 
Metal Device 
Casing (D1) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 




Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Coil                   
(D3) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 




Pb (µg) 62.2 802.3 1444.8 1414.2 1394.5 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Unknown           
(F5) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Rubber Gasket              
(A3) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Gasket              
(B5) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Gasket               
(C1) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Gasket                   
(E5) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 





Table A2 (Cont.): Cumulative metals leached from each part, metal and non-metal, of the 
closed-system device sample at each sampling time in ppb in 10 mL of e-liquid. <LOQ = 
absorbance signal was below the limit of quantitation. 
 
Material Part Metal Time 0 2 Weeks 1 Month 3 Months 6 Months 
Rubber Mouthpiece 
Cap (F6) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Plastic Mouthpiece            
(A1) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Coil Holder              
(A5) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Fabric Circular 
Wick          
(B1) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Wick                   
(B3) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Sticker Sticker               
(S1) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Sticker                
(S2) 
Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
 
 
